There is a lack of knowledge on cyanobacteria and algae living in caves in the southern hemisphere. As a result, a pioneer study was undertaken to investigate cyanobacterial and algal community composition in two morphologically and geologically distinct caves in South Africa. Skilpad Cave is characterized by a large sinkhole entrance in a dolomitic landscape. Three zones (light zone, twilight zone and dark zone) were identified based on differences in light intensity. Bushmen Cave, on the other hand, is a rockshelter overhang situated in a sandstone-dominated area and only presents a light and twilight zone. Cyanobacteria and algae were sampled twice, during the summer and winter of 2018 while abiotic factors of interest, i.e. light intensity, temperature and relative humidity, were also measured. A huge diversity of cyanobacteria (14 genera) and algae (48 genera) were identified in the two caves. While some genera were only present in one of the caves, other cosmopolitan genera were found in both caves. The most common genera encountered were Phormidium, Oscillatoria and Nostoc (cyanobacteria), Pinnularia and Luticola (diatoms), Chlorella and Chlorococcum (green algae). Cyanobacteria, green algae and diatoms were also the richest groups (taxa) in terms of the number of genera. More genera were present in the warm, wet season compared to the dry, cold season. Genus richness was positively correlated with light intensity in Skilpad Cave, but negatively in Bushmen Cave. Petalonema alatum, a cyanobacterium encountered in Bushmen Cave, represented a new record for Africa, and therefore, further research on cyanobacteria and algal assemblages in caves in the southern hemisphere is strongly recommended.
Introduction
Researching the biology of caves not only presents an opportunity to study unique and extreme ecosystems, it is also fundamental to our understanding of earth's delicate ecological balances (Lee et al., 2012) . Caves typically represent extreme environments characterized by low nutrient availability (Pedersen, 2000) , a limiting factor for many biota. However, some lifeforms, including cyanobacteria and algae, still find such environments suitable for colonization and growth .
Cave-associated communities of cyanobacteria and algae are mainly influenced by three factors: light, temperature, and humidity (Hernández-Mariné and Canals, 1994; Ducarme et al., 2004; Poulîčková and Hašler, 2007; Lamprinou et al., 2009 Lamprinou et al., , 2012 . Apart from these factors, water seepage, as well as subterranean characteristics such as cave dimensions, microclimate, morphology, substrate types, and nutrient availability, also influence microbial community colonization and composition (Golubić, 1967; Martinčič et al., 1981; Chang and Chang-Schneider, 1991; Czerwik-Marcinkowska, 2013; Popović et al., 2015) .
Based on light intensity, a cave can be divided into three zones, namely the light, twilight and dark zones (Humphreys, 2000) . The light zone, usually found at or near the entrance, is subjected to sunlight; and therefore, light intensity, temperature, and relative humidity vary throughout the day. The light zone typically supports various types of microorganisms, plants, and animals (Monro et al., 2018) . The twilight zone, characterized by more stable environmental conditions, is exposed to indirect, low light conditions typically insufficient to support complex lifeforms, such as seed plants. Nonetheless, these conditions can sustain some cyanobacteria, algae, mosses, and ferns (Culver and Pipan, 2009 ). Finally, the dark zone is characterized by the absence of light; and therefore, photosynthetic life. However, specialized algae that utilize alternative metabolic pathways to produce energy have been reported on cave walls (Smarž et. al., 2013; Khan et al., 2016) .
Cyanobacteria and algae growing on rock surfaces in aerophytic habitats are known as lithophytes. Of all lithophytes, cyanobacteria are the most adaptable to extreme environments, and together with algae, they usually play an important role in the early phases of colonization and succession . Later, these lifeforms may dominate in illuminated karstic cave walls and ceilings (Sambamurty, 2010; Popović et al., 2015) .
Due to constant environmental parameters, regarded caves as almost ideal natural laboratories. Stable temperature and relative humidity levels, together with the presence of water, particularly favor the growth of cyanobacteria, algae, fungi, mosses, and some ferns. Spores of such biota are carried by wind, migrating animals, and/or water runoff into caves (Falasco et al., 2014; Czerwik-Marcinkowska et al., 2019) . Although organic matter can also be carried by water, especially during flooding (Simon et al., 2003; Souza Silva et al., 2011) , or be deposited in bat guano (Wattez et al., 1990; Kasso and Balakrishnan, 2013) , seed plants may be less common in caves due to the lack of sufficient light. They are, therefore, usually limited to the cave entrance (light zone), while the twilight and dark zones are typically marked by less diverse assemblages of cyanobacteria and algae. In general, as the amount of light decreases, the size and complexity of photosynthetic life also decrease (Grobbelaar, 2000; Abdullin, 2011; Lee et al., 2012) .
According to Lee et al. (2012) , the first microbiological study in caves was undertaken in the late 1940's. Since then, a large number of microbial studies have been undertaken in caves all over the world, especially in the northern hemisphere, and life forms of all kinds have been discovered in various cave systems. Most publications report on the microbial communities associated with caves from European countries, including Czech Republic (Poulîčková and Hašler, 2007) , France (Borderie et al., 2011) , Greece (Lamprinou et al., 2012) , Italy (Cennamo et al., 2012) , Poland (Czerwik-Marcinkowska and Mrozińska, 2011), Russia (Gainutdinov et al., 2017) , Serbia (Popović et al., 2015 (Popović et al., , 2017 , Slovenia , Spain (Busquets et al., 2014) , and Turkey (Selvi and Altuner, 2007) . In spite of the fact that rare and even new species are often found in caves (Hernandéz-Mariné and Canals 1994; Pipan 2005 ), a limited number of studies have been conducted on cyanobacterial and algal communities in caves located in the southern hemisphere. An in-depth literature review revealed that only a few phycological studies were documented in caves in South Africa, which were devoted to either cyanobacteria (Büdel et al., 1993; Wessels and Büdel, 1995; Büdel et al., 2004; Maree et al., 2018) or diatoms (Grobbelaar, 2000; Taylor and Lange-Bertalot, 2013) .
The aim of this study was to investigate the composition of cyanobacterial and algal communities in different cave zones subjected to varying levels of light intensity, temperature and relative humidity levels. This study represents the first in Africa to include both cyanobacteria and different algal phyla present in caves.
Material and Methods

Study area
The study area included a karstic cave (Skilpad Cave) and rock shelter (Bushmen Cave), located 580 km apart (Fig. 1) . These caves were studied during March and July 2018, representing the hot, wet and cold, dry seasons, respectively.
Skilpad Cave (26°11'9.04'' S; 27°11'46.15' E) is located at an altitude of 1633 m above sea level, 50 km north of the town Potchefstroom (North West province, South Africa), and is visited by a local caving club annually. The cave's entrance (facing South-East) is a sinkhole overgrown with cyanobacteria, algae, mosses, ferns, and trees, in contrast to the surrounding bioregion that consists of dry highland grassland classified as Carletonville Dolomite Grassland vegetation (Mucina et al., 2006) . The geology of the surrounding area can be defined as dolomite, subordinate chert, minor carbonaceous shale, limestone, and quartzite (Burger, 2013) . The average temperature and total precipitation for this region during March 2018 was 25°C and 177.7 mm, respectively. During July 2018 the average temperature and total precipitation decreased to 15°C and 7.6 mm, respectively (World Weather Online, 2018). Bats inhabit this cave and guano is present in deeper areas of the cave. Based on the light exposure classification provided by Lee et al. (2012) , three zones of interest were identified, namely the light zone (entrance of sinkhole), the twilight zone (bottom of sinkhole) and the dark zone (first chamber of cave).
Bushmen Cave (28°34'28.07'' S; 28°26'15.42'' E) is located at an altitude of 1872 m above sea level, 9.5 km southeast of the town Clarens (Free State province, South Africa). It is named after the Bushmen (or San) people and their historic rock art that can be found on the shelter walls. Bushmen Cave is a rock shelter (open North-West facing overhang) used by hikers as an overnight shelter. It is located in the Drakensberg grassland bioregion, which is classified as Lesotho Highland Basalt Grassland vegetation (Mucina et al., 2006) . The geology of the area is characterized as sandstone, pink-weathering granular or augen quartz-feldspar gneiss (Johnson 1991; Burger, 2013) . The average temperature and total precipitation during March 2018 was 21°C and 270.9 mm, respectively. During July 2018, the average temperature decreased to 12°C and the total precipitation to 0.8 mm (World Weather Online, 2018). Following the same light classification by Lee et al. (2012) , the entrance was identified as the light zone and the back wall of the shelter as the twilight zone. No dark zone exists in this rock shelter.
In Skilpad Cave a total of 13 sampling sites were selected: five sites were in the light and twilight zones, respectively, while three sites were in the dark zone. In Bushmen Cave, a total of 12 sites were sampled: five sites were situated in the light zone and seven in the twilight zone. Therefore, a total of 25 sites were sampled in the two caves.
Measurement of abiotic factors
At Skilpad and Bushmen caves, three abiotic factors (light intensity, temperature, and relative humidity) were measured at each site at hourly intervals (08:00 − 17:00) during both sampling intervals. Light intensity (µmol m 2 s −1 ) was measured using a calibrated LI-COR LI-250A light meter, while temperature (°C) and relative humidity (%) were measured using a TROTEC BL30 climate data logger.
Sampling and analysis of cyanobacteria and algae
For cyanobacterial and algological studies, samples were scraped from the surface of cave walls using sterile scalpels and placed into labelled, sterile 60 ml polyethylene containers with airtight lids (Popović et al., 2017) . The samples were refrigerated (4 °C) and transported to the North-West University (Potchefstroom campus) the following day. Each sample was divided in two sub-samples. One of the sub-samples was used to inoculate a GBG-11 liquid growth medium (Krüger, 1978) and an 1 % agar plate enriched with the same growth medium. Both the growth medium and agar plate were incubated in a growth chamber with a light intensity of 15 μmol m 2 s 1 and a temperature of 21 °C. Cyanobacteria and algae in the growth medium and on the agar were microscopically identified to genus level after a growth phase of two weeks. The second sub-sample was used for immediate cyanobacterial and algal identification to genus level. For both methods, identification was achieved using a Nikon Eclipse 80i light microscope equipped with a Nikon Digital Sight DS-U2 digital camera. Literature used for cyanobacterial and algal identification included John et al. (2002) , Wehr and Sheath (2003) , Janse van Vuuren et al. (2006) , Taylor et al. (2007) and Hindák (2008) .
Statistical analysis
The relationship between abiotic factors (light intensity, temperature, and relative humidity) and cyanobacterial and algal richness at the genus level for each study area (zone) was evaluated with a principal component analysis (PCA) using Canoco 5 software package. To assess the correlation between the respective abiotic factors and cyanobacterial and algal richness, Pearson's correlation coefficient and Spearman's rank correlation coefficient tests were used for parametric and non-parametric data, respectively. The distribution of the errors was considered using the D'Agostino and Pearson omnibus test. Univariate analyses were performed using Graphpad Prism 6 software package and statistical significance was regarded at P  0.05. 
Results and Discussion
Cyanobacterial and algal composition
In total, 62 epilithic cyanobacterial and algal genera were found in the two studied caves (Table 1) . Microscopic investigations revealed that field samples were less diverse than those inoculated and grown in the growth medium and on the agar plates. Photosynthetic prokaryotic organisms were represented by cyanobacteria, also commonly known as blue-green bacteria and sometimes incorrectly referred to as blue-green algae. 
A total of 14 cyanobacteria genera were found in Bushmen Cave, of which 12 were also present in Skilpad Cave. Aphanocapsa and Petalonema were found in Bushmen Cave, but not Skilpad Cave. The presence of Petalonema alatum in Bushmen Cave represented a first record of this species in Africa (Maree et al., 2018) . The most prevalent cyanobacteria included Phormidium (28 sites), Oscillatoria (21 sites), and Nostoc (20 sites). Phormidium, a filamentous cyanobacterium commonly found in caves, was the most frequently encountered genus both in Skilpad and Bushmen caves. Phormidium has long cylindrical filaments with uniseriate trichomes and its dark green to brown sheaths are thin and firm (Czerwik-Marcinkowska and Mrozińska, 2011) . It was described from caves throughout Europe, e.g. in Greece (Lamprinou et al., 2013) , Spain (Asencio and Aboal, 2000; , Italy (Giordano et al., 2000) , Hungary (Claus, 1964) , Serbia (Popović et al., 2017) and Poland (Czerwik-Marcinkowska et al., 2015) . The second most abundant cyanobacterium was Oscillatoria, regularly found in sub-aerial habitats Sethi et al., 2012) . Distribution records of Oscillatoria include caves in Hungary (Claus, 1964) , Serbia (Popović et al., 2017) and Slovenia . Nostoc, characterized by a gelatinous thallus, was previously found in caves amongst others, in the Czech Republic (Poulíčková and Hašler 2007), Greece (Lamprinou et al., 2012) , Israel (Vinogradova et al., 2004) , Serbia (Popović et al., 2015) , Poland (Czerwik-Marcinkowska et al., 2015) , Hungary (Claus, 1964) , Turkey (Selvi and Altuner 2007) , Slovenia and South Africa (Taylor and Lange-Bertalot, 2013) .
Eukaryotic phyla comprised of Bacillariophyta (diatoms; 19 genera), Charophyta (8 genera), Chlorophyta (green algae; 17 genera), Ochrophyta (3 genera), and Rhodophyta (red algae; 1 genus). All five these phyla were identified in Skilpad Cave, while four were present in Bushmen Cave. Chlorophyta and Bacillariophyta represented the richest phyla, in terms of the number of genera, in Skilpad and Bushmen caves, respectively. Czerwik-Marcinkowska and Mrozińska (2011) reported Chlorophyta as one of the dominant phyla in a Polish limestone cave, while Bacillariophyta (diatoms) was also observed by Czerwik-Marcinkowska et al. (2015) in similar environments. The diatom Pinnularia (Phylum Bacillariophyta) was identified at 20 sites and is well-adapted to colonize a wide range of substrates (Macedo et al., 2009) . A Polish study reported Pinnularia in five caves (Czerwik-Marcinkowska and Mrozińska, 2011) and it was also found in Israeli caves (Vinogradova et al., 2009) . Luticola, another diatom, occurred at 15 sites in Skilpad and Bushmen caves and was previously reported growing on wet rocks and mosses in Slovenian , Turkish (Selvi and Altuner 2007) , Israeli (Vinogradova et al., 2009) and Serbian (Popović et al., 2017) caves. Chlorella and Chlorococcum are green algae (Phylum Chlorophyta) and both were collected at 17 sites. Chlorella was previously reported from Germany (Claus, 1964; Chang and Chang-Schneider 1991) , Czech Republic (Poulíčková and Hašler 2007), Hungary (Claus, 1964) , Slovenia and Turkey (Selvi and Altuner 2007) , while Chlorococcum have been reported from Polish caves (Czerwik-Marcinkowska and Mrozińska, 2011) .
In accordance to the results of this study, Czerwik-Marcinkowska et al. (2015) regarded cyanobacteria, green algae, and diatoms as essential components of cave microflora. Our results clearly indicate that some cyanobacterial and algal genera were singular to Skilpad Cave, while others were only found in Bushmen Cave (Table 1) . Although it was not investigated, the distribution of genera may have been influenced by different rock types in the two caves. During the wet season, 54 cyanobacterial and algal genera were identified in both caves. This number decreased to 41 during the dry season. When considering genus richness per cave zone per season (Fig. 2) , it is evident that the richness decreased from the light zone to the dark zone during both seasons in Skilpad Cave. However, in Bushmen Cave the twilight zone consistently presented the greatest richness. To investigate these findings, the abiotic conditions, in relation to genus richness per cave zone per season, was considered.
Abiotic conditions in relation to epilithic richness
Results (minimum, maximum, and average values) of the abiotic factors measured during this study are reported in Table 2 . During the wet season (March 2018) variation in Skilpad Cave was observed for light intensity with average values ranging from 9.1  7.3 µmol m 2 s 1 (light zone) to 0 µmol m 2 s 1 (dark zone). The same was evidenced for the dry season (July 2018) as average light intensity values ranged from 8.8  5.3 µmol m 2 s 1 (light zone) to 0 µmol m 2 s 1 (dark zone). However, variation between the two sampling intervals was especially evident for temperature and relative humidity levels. Bushmen Cave, on the other hand, does not have a dark zone and was exposed to substantially higher light intensity levels. Maximum light intensity levels in Bushmen Cave were 718.3 µmol m 2 s 1 and 1015.8 µmol m 2 s 1 during the wet and dry seasons, respectively, which is likely the result of Bushmen Cave being an overhang rock-shelter characterized by a large North-West facing opening. To the contrary, Skilpad Cave has a narrower sinkhole opening with rock walls, which together with the vegetation surrounding the sinkhole entrance, prevent direct exposure to sunlight. Figure S1 (supplementary material) further illustrates light intensity variation between cave zones and seasons, as well as the difference in exposure between the two studied cave systems.
In order to relate the observed cyanobacterial and algal richness to the abiotic conditions, principal component analysis (PCA) biplots were created. With 90.9 % of the variation explained on the X (57.4 %) and Y (33.5 %) axes, Figure 3A illustrates that richness in Skilpad Cave was positively related to light intensity and therefore also the light zones during both sampling intervals. The significance of this relationship was further investigated using a correlation coefficient test, which confirmed that a strong, positive correlation (r = 0.7; P < 0.001) existed between richness and light intensity. Furthermore, a moderate, negative correlation (−0.4; P < 0.05) was evidenced between richness and relative humidity. No significant correlation was observed between richness and temperature in Skilpad Cave. The PCA biplot (Fig. 3B) for Bushmen Cave, with 98 % of the variation explained on the X (58.2 %) and Y (39.8 %) axes, illustrated that a negative relationship existed between richness and light intensity. In support of this, a correlation coefficient test revealed that a moderate, negative correlation (−0.43; P < 0.05) existed between richness and light intensity. No other significant correlations were evidenced in Bushmen Cave.
It is evident that light intensity played a major role in cyanobacterial and algal richness in the studied caves. The positive correlations between richness, light intensity, and relative humidity, as evidenced in Skilpad Cave, have been well documented Aboal, 2000, Poulîčková and Hašler, 2007; Vinogradova et al., 2009 ). Vinogradova et al. (2009) found that the taxonomic composition of algae is influenced by the gradient of illumination as the number of species drastically decreased from the entrance (46 species) to the deeper reaches (26 species) of an Israeli cave. However, the reason for the negative 
Conclusions
Limited studies have focused on cyanobacteria and algae in caves located in the southern hemisphere and especially in the southern parts of Africa. Furthermore, only a few scientific works have been published on either cyanobacteria or diatoms associated with South African caves.
During this study two geologically distinct caves in South Africa were studied in terms of their cyanobacterial and algal composition in relation to abiotic environmental variables (light intensity, temperature and relative humidity) considered relevant to the survival of photosynthetic cave microorganisms. A total of 14 cyanobacteria genera were identified from Bushmen Cave, a rock shelter overhang with no dark zone. Twelve of these cyanobacteria genera were identified from Skilpad Cave, a sinkhole entrance cave with a dark zone. The cyanobacterium Petalonema alatum was found in Bushmen Cave and represented the first record of this species in Africa. Phormidium, Oscillatoria and Nostoc were the most common cyanobacteria and occurred in both caves. All three of these genera are also commonly found and widely distributed in northern hemisphere caves.
Algae belonging to five phyla were identified in Skilpad Cave, while representatives of four phyla were found in Bushmen Cave. Chlorophyta (green algae) and Bacillariophyta (diatoms) were represented by a large number of genera in both caves. The most common algae encountered included the diatoms Pinnularia and Luticola and the green algae Chlorella and Chlorococcum. Results of this study corresponded to findings in the northern hemisphere that cyanobacteria, green algae and diatoms are usually the dominant photosynthetic microorganisms found in caves. A higher richness (based on the number of genera) was recorded in the warm, wet season compared to the cold, dry season.
Considering the abiotic conditions, higher light intensities were recorded in Bushmen Cave than Skilpad Cave due to differences in the physical morphology and orientation of the caves. Temperature and relative humidity values also differed between the caves and the two sampling intervals. In Skilpad Cave, the genus richness was positively correlated with light intensity, a well-documented relationship. However, an inverse tendency prevailed in Bushmen Cave, a phenomenon that could not be explained.
